Land Use/Land Cover Changes and Climate: Modeling Analysis and Observational Evidence by Mahmood, Rezaul
University of Nebraska - Lincoln 
DigitalCommons@University of Nebraska - Lincoln 
Papers in Natural Resources Natural Resources, School of 
2011 
Land Use/Land Cover Changes and Climate: Modeling Analysis 
and Observational Evidence 
Rezaul Mahmood 
University of Nebraska - Lincoln 
Follow this and additional works at: https://digitalcommons.unl.edu/natrespapers 
 Part of the Natural Resources and Conservation Commons, Natural Resources Management and 
Policy Commons, and the Other Environmental Sciences Commons 
Mahmood, Rezaul, "Land Use/Land Cover Changes and Climate: Modeling Analysis and Observational 
Evidence" (2011). Papers in Natural Resources. 1260. 
https://digitalcommons.unl.edu/natrespapers/1260 
This Article is brought to you for free and open access by the Natural Resources, School of at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Papers in Natural 
Resources by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln. 
Advanced Review
Land use/land cover changes
and climate: modeling analysis
and observational evidence
Roger A. Pielke, Sr.,1∗ Andy Pitman,2 Dev Niyogi,3,4
Rezaul Mahmood,5 Clive McAlpine,6 Faisal Hossain,7
Kees Klein Goldewijk,8 Udaysankar Nair,9 Richard Betts,10
Souleymane Fall,11 Markus Reichstein,12 Pavel Kabat13 and
Nathalie de Noblet14
This article summarizes the changes in landscape structure because of human land
management over the last several centuries, and using observed and modeled data,
documents how these changes have altered biogeophysical and biogeochemical
surface fluxes on the local, mesoscale, and regional scales. Remaining research
issues are presented including whether these landscape changes alter large-scale
atmospheric circulation patterns far from where the land use and land cover
changes occur. We conclude that existing climate assessments have not yet
adequately factored in this climate forcing. For those regions that have undergone
intensive human landscape change, or would undergo intensive change in the
future, we conclude that the failure to factor in this forcing risks a misalignment
of investment in climate mitigation and adaptation.  2011 John Wiley & Sons, Ltd.
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INTRODUCTION
Agreat deal of attention is devoted to changesin atmospheric composition and the associated
regional responses. Less attention is given to the
direct influence by human activity on regional climate
caused by modification of the atmosphere’s lower
boundary—the Earth’s surface. Land use/land cover
change (LULCC), as discussed in this article, concerns
human-caused changes that affect the biophysics,
biogeochemistry, and biogeography of the terrestrial
surface and its affect on the atmosphere.1–3 Vast
areas of the Earth’s terrestrial surface have undergone
LULCC.4,5 LULCC effects on climate include direct
alterations in surface solar and longwave radiation
and in atmospheric turbulence which result in changes
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mixte, CEA-CNRS-UVSQ Orme des Merisiers-Bat. 712 Point
Courrier 132 91191 Gif-sur-Yvette Cedex, France
828  2011 John Wiley & Sons, Ltd. Volume 2, November/December 2011
WIREs Climate Change Land use/land cover changes and climate: modeling analysis and observational evidence
North America
60
40
20
0
10
5
0
600
400
200
0
Latin America
60
40
20
0
10
5
0
600
400
200
0
Africa
60
40
20
0
10
5
0
1000
500
0
Europe
60
40
20
0
10
5
0
600
400
200
0
Middle East
60
40
20
0
10
5
0
600
400
200
0
Oceania
60
40
20
0
10
5
0
600
400
200
0
CIS
60
40
20
0
10
5
0
600
400
200
0
Asia
60
40
20
0
10
5
0
0
4000
3000
2000
1000
Chart y-axis symbols:
Chart x-axis time scale:
Total cropland (millions km2)
Total pasture (millions km2)
Total population (millions)
10
00
0 
B
C
50
0 
A
D
0 
A
D
10
00
 A
D
15
00
 A
D
16
00
 A
D
17
00
 A
D
18
00
 A
D
19
00
 A
D
19
50
 A
D
20
00
 A
D
50
00
 B
C
FIGURE 1 | Long-term historical global estimates for population, cropland, and pasture. (Reprinted with permission from Refs 29. Copyright 2010
SAGE Publications, Inc.)
in the fluxes of momentum, heat, water vapor, and
carbon dioxide as well as other trace gases and
both inorganic and biogenic aerosols including dust
between vegetation, soils, and the atmosphere.1,6–17
In terms of an effect on the global average
radiative imbalance, Forster et al.18 suggest that this
direct biogeophysical radiative impact of LULCC since
preindustrial times is a reduction in the global aver-
age radiative forcing of 0.2 ± 0.2 W m−2 which is
small relative to other global climate forcings. Rea-
soning of this kind has led to the role of LULCC
being mostly omitted from the climate models used in
previous Intergovernmental Panel on Climate Change
(IPCC) assessments of climate projections and histori-
cal reconstructions (although deforestation is included
via emission scenarios of CO2).
The role of climate science, however, extends
beyond forming future emission mitigation policies.
The role of LULCC is not limited to radiative forcing
of climate and is not adequately assessed as a glob-
ally averaged forcing. LULCC is a highly regionalized
phenomenon18,19 with regional-scale climate impacts
that can vary in the sign of the change. In terms of
an average flux, in regions of significant LULCC, a
major perturbation occurs to the net radiation, to
the partitioning of this net radiation between the two
turbulent energy fluxes (sensible and latent heat), as
well as changes in the aerodynamic roughness of the
land surface.20,21 LULCC also fundamentally changes
the biogeochemistry, including the terrestrial carbon
exchange, and fluxes of trace gases (such as nitrous
oxide), biological volatile organic compounds, and
aerosols (including dust). Urban landscapes add addi-
tional direct heating of the lower atmosphere. The
biogeography is also changed as flora and fauna are
altered by deliberate and inadvertent land manage-
ment and the introduction of invasive species.22
The primary objective of this paper is to review23
the biogeophysical impacts of LULCC on climate,
identify key unanswered questions, and offer rec-
ommendations for LULCC-related climate and Earth
system research. We rely primarily on observational
studies but have also included relevant modeling
research where observations are limited.
HISTORICAL GLOBAL LAND
USE/LAND COVER CHANGES
[FOCUSING ON 1750 TO THE
PRESENT]
The distribution of historical LULCC over time is
highly regionalized (Figures 1–3). By 1500, large areas
of Western Europe had been partially cleared for
agriculture and for timber harvesting (Figure 1(a)).
LULCC intensified, particularly in Western Europe,
through 1800 while significant LULCC also occurred
over much of Asia including India and China.
Indeed, by 1750, 7.9–9.2 million km2 (6–7%) of
the global land surface were in cultivation18,24,25
Volume 2, November/December 2011  2011 John Wiley & Sons, Ltd. 829
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FIGURE 2 | Reconstructed and projected LULCC for various time periods. The scale is the relative fraction of any grid box containing the sum of
pasture or crops. These data were obtained from the LULCC data downloaded from the Land Use Harmonization website at http://luh.unh.edu. Note:
CIS stands for Commonwealth of Independent States, a regional organization whose participating countries are former Soviet Republics, formed
during the breakup of the Soviet Union. The analysis of the type of landscape continues to undergo refinement (e.g., much of Australia is shown as
pasture when a large fraction is ungrazed semiarid and arid).
although only Western Europe and perhaps parts of
Northern China had the intensity of LULCC with
more than ∼60% agricultural cover for a given region
(Figure 1(b)–(d)). By 1990, 45.7–51.3 km2 of the
global land surface24,25 (35–39%) was being culti-
vated with forest cover decreased by approximately
11 million km2. Intensive LULCC had impacted parts
of the United States, much of Western Europe, India,
Northern China, and elsewhere. Large areas of the
Southern Hemisphere underwent LULCC throughout
the 19th century. By 2000 (Figure 1(f)), only a few
desert regions, the central Amazon and Congo Basins,
and the Arctic and Antarctic (not shown) had not been
affected by LULCC (see Refs 24–28; Klein Goldewijk
et al.29,30 provides details of the methods used to
reconstruct historical LULCC).
Agricultural expansion and intensification were
the major drivers of global LULCC. Klein Gold-
ewijk et al.30 estimates the global area of crop-
land increased from 300 million ha in 1700 to
1530 million ha in 2000. This is a lower estimate than
Ramankutty and Foley24 who estimated 400 million
ha in 1700 and 2000 million ha in 1990, but similar
to the 1400 million ha estimate of Williams4 and the
1500 million ha estimate of Richards,31 although both
were for the year 1980. The estimate of Matthews32
of 1760 million ha of cropland in 1980 is some-
what higher. Estimates of agricultural land currently
under irrigation ranges from 250 million ha33 to 274
million ha.34
Irrespective of which estimates are used, the
global area of cropland has increased dramatically and
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FIGURE 3 | Changes in the extent covered with crops and pasture
between present-day (1992) and preindustrial times (1870). Yellow and
red colors are used when the extent of anthropogenic areas have
increased since preindustrial times, while blue colors refer to
abandoned lands. The two boxes that are drawn on the map highlight
the regions that will further be used to draw Figure 11 (hereafter
referred to as North America and Eurasia).
is now almost 11% of the total land area.4,25,31–33 The
global area used for grazing livestock has increased
at a stunning rate, from 324 million ha in 1700 to
3429 million ha in 2000, representing 25% of the
total land area.31 Urban landscapes formed less than
1% of the total land area up until the mid-20th
century and still occupies less than 5% of the total
global land area.30,35 Irrigated areas are also rela-
tively small in terms of global LULCC. It is important
to note that urban, irrigated, and croplands are not
uniformly distributed globally but rather are highly
regionalized into concentrated landscape perturba-
tions as discussed below.
North America
In the United States, the Homestead Act of 1862 (pro-
viding each settler 160 acres of free government land
for cultivation over at least 5 years) led to rapid set-
tlement of public lands in the next decades. The end
of the Civil War and the disbanding of armies further
stimulated this process, and the Great Plains region
attracted people displaced by the war. The increas-
ing flow of European migrants added further to the
settlement of the Midwest and the building of canals
in the early 1800s, and the subsequent expansion of
railroads facilitated the rapid transport of goods to
markets.36 The rapid increase of farmland also led to
a huge consumption of wood; for example, farm fenc-
ing in Kentucky alone during the 1870s was estimated
to consume 10 million trees annually.37 Steyaert and
Knox38 document the vast conversion of almost all of
the land in the eastern 2/3 of the United States from
its natural state by 1920. Canada experienced simi-
lar trends where the agricultural area increased almost
sixfold from 12 million ha in 1871 to nearly 70 million
ha at the end of the 20th century (derived from
Ref 39).
Latin America
The 19th and the early 20th century were the
high point of large agricultural plantations in Latin
America. Earlier successes in the Caribbean with sugar
and cotton in North America created confidence and
finances to look further into the New World. European
exploitation of forests in Brazil started with the rubber
plantations along the Atlantic coast, and this was
soon followed by sugar cane. The Araucaria forests
in southern Brazil were reduced from 25 million ha
to their present extent of 445,000 ha,37 with the
bulk of the timber simply burned to make way for
agriculture. The introduction of cash crops added
extra pressure on the remaining forest area in Brazil.
Three million hectares of forest was converted into
coffee plantations during the 19th century.36
In the last decades of the 20th century,
widespread conversion of native forests to cattle
ranching occurred in Brazil, Argentina, Colombia, and
other Latin American countries. Large-scale infras-
tructure projects like the Trans-Amazonian Highway
opened up pristine tropical forest areas, often followed
by the spread of settlers and ranchers. Between 1850
and 1985, 370 million ha of forest in Latin America
was converted to other land uses.36 Most of this reduc-
tion of forest area was due to the expansion of pasture
(for cattle ranching, 44% of the reduction), croplands
(25%), degraded lands (20%), and shifting cultivation
(10%). Grigg40 presented figures for the expansion
of cropland in Argentina, 6 million ha in 1900,
24 million ha in 1930, and 22 million ha in 1960. In
Colombia, the estimated transformed area rose from
approximately 15 million ha in 1500 to 42 million
ha in 2000, and land use changed from predomi-
nantly cropping in 1500 to predominantly grazing in
2000.41 In recent years, the rate of deforestation has
slowed in the Brazilian Amazon. However, land con-
version pressures continue in the Colombian Amazon,
the Cerrado of Brazil, and in dry Chaco forests of
Paraguay, northern Argentina, and Bolivia.
Africa
There is not as much information on deforestation
in the African continent in comparison to other con-
tinents. Some estimates of historical forest areas are
listed by Mather37 for the Ivory Coast (14.5 million
ha in 1900 and 3.9 million ha in 1980), Liberia
(6.5 million ha in 1920 and 2 million ha in 1980),
and Ghana (9.8 million ha in 1920 and 1.7 million
Volume 2, November/December 2011  2011 John Wiley & Sons, Ltd. 831
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ha in 1980). Intensive forest clearing is currently
occurring in Gabon and in the Congo Basin. Clear-
ance for plantations (cacao, coffee) occurred at a level
that is generally not as high as in Southeast Asia.
The expansion of cropland (driven by population
growth), illegal and destructive logging operations,
overgrazing, and droughts caused a decrease of the
total forest/woodland area of 735 million ha in 1961
to 681 million ha in 2005, a loss of 54 million ha in
four and one-half decades.42
Europe (Including the Former USSR)
Already during the 16th and 17th centuries, intensive
trade existed between central and western European
ports. The European river trading towns were major
import centers for shipped goods from the Baltic
region. Poland, Hungary, and Russia were important
providers of timber and grain. Estimates for the
expansion of cropland in Russia range widely from
49 to 95 million ha in 1860, 113 to 208 million ha
in 1900, 109 to 259 million ha in 1930, and 196
to 369 million ha in 1960.36 Most countries in this
region have expanded and intensified their land use
activities over the last 300 years. However, land cover
change has stabilized or even reversed during the past
50 years with the ‘Arable and Permanent Crops’ area
decreasing from 391 million ha in 1961 to 295 million
ha in 2005.42
Asia
China has cultivated wheat and rice for thousands of
years, especially in the northeastern provinces. Late
17th century China finally opened its borders to the
emerging world economy which led to further expan-
sion of cultivated land. Richards31 suggests cultivated
area in China grew from 33 (±7) million ha in 1600 to
63 (±7) million ha in 1776, reaching 81 (±3) million
ha in 1873. In the 18th century, intensification and
commercial cropping replaced shifting cultivation in
the hills. Land clearance on slopes resulted in erosion,
frequent landslides, and flash floods. During the lat-
est decades, efforts have been undertaken to restore
the degraded Loess plateau and up to 35,000 km2
have been successfully restored to prime agricultural
land (Liu, personal communication). Recently, the
forest area in China has increased due to large-scale
reforestation programs.43
Richards and Flint43 assessed land use changes
in 13 countries in tropical Asia for 1880–1980. Since
1900 in this region, forests, woodlands, and wetlands
declined by almost 50% (131 million ha) while the
cultivated area increased by 106 million ha (almost
doubled). Thus, 81% of the lost forest and wetland
vegetation has been converted into agricultural land.
In recent decades, rapid deforestation has occurred
in Southeast Asia due to logging pressures and the
expansion of palm oil plantations.
Australia
Two centuries of European settlement has trans-
formed the Australian continent.44 Nationally, esti-
mates of landscape conversion range from 0.4 to
9.7 million ha in 1860, 3 to 16 million ha in 1900,
10 to 22 million ha in 1930, and 12 to 35 million ha
in 1960.24,30,45,46 Within the intensive land use zone
of southeast and southwest Australia, approximately
50% of native forests and 65% of native woodlands
have been cleared or severely modified. Since World
War II, over 13 million ha of native vegetation were
cleared in southwest Australia, mainly for cultivation
of winter crops.44 Recent satellite monitoring indicates
that LUCC is still highly active, with Queensland the
most affected region.47 The clearance of native vegeta-
tion in Queensland peaked at over 500,000 ha/year−1
between 2000 and 2004,47 mainly for beef cattle
pastures. This ranked the region 5th worldwide on
deforestation rate.48 Vast areas of semiarid and arid
inland Australia are used for low intensity grazing and
have not been transformed.
Summary
LULCC has clearly been extensive; only Antarctica,
and boreal/tundra areas in Siberia, Canada, and
parts of the Amazon and Congo have avoided large-
scale conversion. In terms of climate the question is
whether these LULCCs have altered local, regional,
and global climate. The next section seeks to address
this question using observed data and modeling
simulations. Observed data is available for local in situ
information, while satellite data is used to analyze
impacts on mesoscale, regional, and global scales. One
of the challenges for our assessment is that LULCC
usually occurs on decadal and longer time scales
such that the climatic signal requires observations
over this time period. Periodic perturbations, such as
ENSO for example, are easier to detect than those due
LULCC.
Thus, the approach we have taken is to
document local effects of LULCC and then to review
selected modeling studies which were done to scale
up to mesoscale, regional, and global scales. Models
which are used to analyze effects of LULCC on climate
are first compared with current climate conditions
where data are available, and then LULCC sensitivity
experiments are performed (such as comparing with
model runs with natural landscapes).
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CHANGES IN SURFACE FLUXES,
SURFACE AND NEAR-SURFACE
VARIABLES, AND BOUNDARY LAYER
DYNAMICS BECAUSE OF LAND
USE/LAND COVER CHANGES
In this section, we focus on biogeophysical influ-
ences, but it is important to recognize that concur-
rent biogeochemical effects also occur. For example,
regrowing forests tend to be large carbon sinks, but
even old-growth forests can sequester carbon.49,50
Transpiration is closely connected to many ecological
and biogeochemical processes ranging from nitrogen
cycling51 to carbon uptake through photosynthesis.52
Recent studies that combine both biogeophysical
and biogeochemical effects of LULCC include, for
example, Houghton et al.,53 Fearnside,54 Post and
Kwon,55 and Schulze et al.56
Examples of the effect of LULCC on surface
fluxes, surface and near-surface variables and bound-
ary layer dynamics for several geographic regions are
given below.
South America
In Amazonia, replacement of forest by pastures leads
to an increase of albedo from approximately 0.13 to
approximately 0.18 and a decrease in net radiation
of approximately 11% at the surface.57 During the
dry season, shallower rooted pasture vegetation expe-
rience a soil moisture deficit compared to deep rooted
forest vegetation that has access to soil water in deeper
layers.57 Thus the pasture regions experience a reduc-
tion in transpiration and latent heat flux and conse-
quently an increased sensible heat flux. Higher sensible
heat fluxes causes enhanced boundary layer devel-
opment over pastures compared to forested regions
with the planetary boundary layer (PBL) height being
higher by up to 600 m over the pasture region.58,59
Souza et al.60 analyzed radiosonde observations
over adjacent pasture and forest sites in Amazon over
a period of 10 days during the dry season. During the
time of peak sensible heat fluxes, average wind per-
turbations components below 3 km are directed from
the forest to the pasture regions, while above 3 km it
is directed from the pasture to the forest region. In the
Brazilian Cerrado, satellite observations suggest that
replacing natural vegetation with pasture has warmed
the local climate by approximately 1.5 ◦C through a
decrease in transpiration which outweighs the increase
in surface albedo.61
Loarie et al.61 found that natural flooding
regimes, but also possibly human manipulation
through dams and other agriculture manipulations,
alter regional albedo. They found that large albedo
increases (>+2.8%) were 2.2 times more prevalent
than similar decreases throughout South America.
Changes in surface water drove most large albedo
changes that were not caused by vegetative cover
change. Beltran et al.62 report a potential strong influ-
ence of LULCC on the maximum temperatures in
central Argentina in summer. Examples of other
papers that demonstrate the role of LULCC in this
continent document the role of deforestation in alter-
ing the onset of the rainy season in the Amazon63 and
on cloud climatology.59
EUROPE
In a European synthesis based on boundary layer
data, Teuling et al.64 showed that under well-watered
conditions, grassland vegetation latent energy is larger
than adjacent forests, while the forest exhibits much
larger sensible heat fluxes, particularly under heat
wave conditions. The reason for the high sensible heat
fluxes from forests under these conditions include
lower albedo, lower atmospheric resistance (higher
roughness), and stronger stomatal control of the
transpiration (i.e., the latent heat flux) compared to
grassland (see also Refs 65, 66). With progressive
drought, however, forests can maintain their moderate
transpiration rates, while grasslands wilt and
consequently exhibit higher sensible heat fluxes.61
Australia
Land cover change in southwest Australia has been
linked to observed changes in surface energy fluxes,
boundary layer evolution, and associated cloud
formation.67–70 The area cleared for agriculture is
readily visible in satellite imagery (Figure 4), because
of higher albedo values over the agricultural region. A
750 km rabbit proof fence demarcates the boundary
between the agricultural region and remnant native
vegetation to the east. The agricultural region exhibits
substantial seasonal change in albedo, increasing from
0.18 during the growing season in August to 0.27 after
the wheat harvest in December,71 while values over
the native vegetation region range from 0.08 in August
and 0.12 in December. Aerodynamic roughness length
is also higher over the native vegetation.
During the Bunny Fence Experiment in 2005,
2006, and 2007, aircraft observations70 show that
the latent heat fluxes are low and exhibit relatively
small variations over native vegetation during August
and December (20–40 W m−2 at 1200 LST). The
latent heat fluxes over the agricultural region are
very small after harvest (approximately 15 W m−2 at
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FIGURE 4 | Geostationary Meteorological Satellite (GMS) visible
channel imagery for January 3, 1999, 1500 LST over southwest
Australia. The agricultural regions are clear, while boundary cloud
formation occur over native vegetation areas. Note that the western
extent of the cloud fields coincide approximately with the rabbit proof
fence that demarcates the cleared areas from the regions of remnant
native vegetation.
1200 LST) in December, whereas the values during
the growing season in August are substantially higher
(approximately 50 W m−2 at 1200 LST). Sensible
heat fluxes are consistently higher over the native veg-
etation region compared to agricultural areas during
August to December resulting in vigorous boundary
layer development and higher PBL heights.
Asia
In India, widespread irrigation was adopted during
the 1960s as part of the ‘Green Revolution’ (GR)
to significantly increase crop production.72,73 Roy
et al.74 examined the impacts of irrigation schemes
on dry season temperature in northern India. Long-
term temperature data were divided between pre-GR
(1947–1964) and post-GR (1980–2003) periods. This
study found a 0.34 ◦C cooling of growing season
maximum temperatures during post-GR period. For
individual growing season months, up to 0.53 ◦C cool-
ing of maximum temperature was reported for the
post-GR period. Long-term temperature trends were
largely negative and statistically significant.
In a subsequent study, Roy et al.75 investigated
impacts of irrigation on dry season non-monsoonal
precipitation during pre- and post-GR period for
northern India. The results suggest an increasing
trend in precipitation during the post-GR period.
For example, in eastern Madhya Pradesh, post-GR
precipitation increases for the dry season was 2.40 mm
year−1. Up to a 69 mm (121%) increase in the total
amount of precipitation for growing seasons during
the post-GR period was reported for some regions.
Overall, irrigated regions showed a notable increase
in precipitation during post-GR growing seasons with
differences in growing season average precipitation
between the pre- and post-GR periods statistically
significant for most of the regions. However, the
irrigation effect on climate could be season specific.
For example, an opposite feedback was noted for
northwest India (a subregion within northern India)
for monsoon (wet) season irrigation and was shown
to have contributed to reduced monsoon rainfall.76
Large-scale ground water irrigation observed
using satellites73 has resulted in a series of region-
ally coherent feedbacks in India. This includes lower
observed dry season surface temperature,74 higher
observed convective available potential energy,76,77 an
increase in dry season non-monsoonal rainfall,73 and
a reduction in monsoonal rainfall75 over the irrigation
region of northwest India. The latter effect is poten-
tially a result of a feedback of the irrigation and early
greening of the agricultural landscape which causes
a reduction in the monsoon heat low and affects the
200 mb wind circulation during active monsoons.76
Urbanization in Asia is also affecting the local
and regional climate. Chen et al.78 found enhanced
thunderstorm activity in Taipei, Taiwan compared to
rural sites, with a 67% increase in afternoon/evening
thunderstorms and 77% increase in rainfall associ-
ated with these thunderstorms. Zhou et al.79 showed
urbanization impacts can be detected in the tem-
perature datasets for China with a mean surface
temperature increase of 0.05 ◦C decade−1 which they
attributed to urbanization. An observational analysis
of rainfall and urbanization dataset (see80) points to
a strong urbanization signature on the heavy rain-
fall climatology over the Indian monsoon region as
discussed previously.
USA and Canada
Steyaert and Knox,38 using land records, were able
to infer significant changes in albedo and surface
aerodynamic roughness over the eastern 2/3 of the
United States since 1650 (Figures 5 and 6). Strack
et al.81 suggest that the changes in surface rough-
ness and stomatal resistance have caused present-day
maximum and minimum temperatures in the east-
ern United States to warm by about 0.3 and 0.4 ◦C,
respectively, when compared to values in 1650. In
contrast, the maximum temperatures have remained
about the same, while the minimums have cooled
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FIGURE 5 | Changing patterns of 10 km averages of broadband
solar albedo, contrasting (a) 1650, (b) 1850, (c) 1920, and (d) 1992. By
1920, most areas formerly covered by deciduous forests and dense
native grasslands exhibited the higher peak-season shortwave albedo
characteristic of agricultural crops and pastures. Increased average
albedo also characterized postharvest landscapes that resulted from
removal of old-growth conifer and mixed forests in the late 19th and
early 20th centuries. (Reprinted with permission from Ref 38. Copyright
2008 American Geophysical Union)
by about 0.1 ◦C when compared to 1920. Little
change in precipitation was found. In another study
based on observed data, Raymond et al.82 found
urban heat island (UHI) like impacts on mesoscale
temperature due to the replacement of wetland forests
with agriculture over the lower Mississippi river
floodplains. Of particular interest is an increase
of minimum temperature and lowering of daily
temperature range in this region. In addition, a series
of studies in the midwestern USA and southern Great
Plains also reported links between surface vegetation
conditions and convective cloud development.83–88
At a state level, in Oklahoma, Sun et al.89 found
that for a stable atmospheric boundary layer over
a heterogeneous landscape consisting of short and
tall grasses, the average nighttime radiative flux
difference between 48 and 2 m differs by up to 20 W
m−2 depending on the location including an effect
from landscape type. Significant differences in 2 m
temperatures were found depending on the landscape
and terrain. This effect of LULCC affecting nighttime
temperatures is important as it affects multi-decadal
minimum temperature trends which are then used
in computing the mean temperature.10 McPherson
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FIGURE 6 | Patterns of aerodynamic surface roughness length (cm),
as 10 km characteristic values displayed using a logarithmic color scale.
Maps for (a) 1650, (b) 1850, (c) 1920, and (d) 1992 time slices.
Characteristic roughness lengths track changes and patterns of land
use, including settlement patterns in 1850 and the fragmented
distribution of recovering forests of 1992. (Reprinted with permission
from Ref 38. Copyright 2008 American Geophysical Union)
et al.90 reported a cool anomaly of maximum
temperatures over a rainfed wheat growing area of
western Oklahoma, USA, as well as higher dewpoint
temperatures over wheat growing areas compared to
surrounding native grasslands in Oklahoma. These
anomalies are linked to larger transpiration (and thus
less sensible heating) due to the presence of the wheat.
Mahmood et al.91–93 investigated the impact
of irrigation on growing season (May through
September) temperatures in the Ogallala aquifer
region. These studies found cooling of up to 1.4 ◦C
in the growing season mean maximum tempera-
tures since 1945 at irrigated locations. Moreover, a
decrease in long-term extreme maximum temperatures
was found for irrigated locations. Mahmood et al.91
assessed the impacts of irrigation on near surface
atmospheric moisture content using long-term dew-
point temperature data in Nebraska, USA. They found
a 1.6 ◦C increase in average growing season dewpoint
temperature over irrigated areas, with up to 2.2 ◦C
increase for peak growing season months. Sandstrom
et al.94 reported an increase in frequency of occurrence
of extreme dewpoint temperature (≥22 ◦C) days in the
central United States and suggested that LULCC is the
primary cause of this increase.
For the Great Plains region, modeling studies
by Adegoke et al.95 reported that the near ground
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FIGURE 7 | Mean correlation coefficient of Normalized Difference
Vegetation Index (NDVI) versus near-surface Temperature (T) and
Equivalent Temperature (TE) as a function of vegetation type. Mean
correlation values and confidence interval were obtained using the
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summary statistics for each zone (here, vegetation types). Error bars
denote 95% confidence intervals at 5%. (Reprinted with permission
from Ref 98. Copyright 2010 Wiley Blackwell)
domain-average temperature was 3.3 ◦C cooler and
the surface latent heat flux was 42% higher due
to irrigation. DeAngelis et al.96 reported an increase
of 10–30% of rainfall downwind of the Ogallala
aquifer that has been used for ground water-based
irrigation in the Great Plains. Using reanalysis and
in situ datasets, Fall et al.97 found that the shift to
agriculture always results in a cooling and presents
the largest magnitudes of cooling among all land
conversion types. The conversion of barren areas and
grasslands/shrublands is associated with the largest
cooling (around −0.1 ◦C). A moderate or relatively
small cooling occurs in previously forested and barren
areas (around −0.05 ◦C). Fall et al.98 concluded that
there is a significant relationship between the amount
of transpiring vegetation, temperature, and humidity
changes for the USA (Figure 7). Christy et al.99 found
that over the irrigated San Joaquin Valley, minimum
temperatures increased significantly in all seasons,
especially during the summer and fall (exceeding
+0.25 ◦C decade−1), because of the change of high-
albedo soils into a darker, moister, vegetated surface.
In addition, Bonfils and Lobell100 and Lobell and
Bonfils101 reported lowering of growing season mean
temperature and mean maximum temperature in the
irrigated area of California, USA.
While irrigation has been reported to enhance
rainfall, the converse impact has been observed
for the draining of wetlands in Florida for citrus
production.102 A reduction in rainfall by approxi-
mately 10%, as well as increased daytime temperature
was attributed to a loss in transpiration and physical
evaporation of water from the land. Raddatz103,104
also found significant effects of LULCC on thun-
derstorm activity and maximum temperatures in
the Canadian Prairies. Taylor et al.105 found that
mesoscale variations in soil moisture patterns (which
could be due to both antecedent rainfall and also
LULCC) significantly influenced Sahelian thunder-
stoms, and this effect likely occurs everywhere when
deep cumulus convection occurs.
Summary
This section is by no means inclusive in terms of obser-
vational studies that document a major role of LULCC
in altering surface fluxes, surface, and near-surface
variables, and boundary layer dynamics. However,
the evidence for a significant effect of LULCC on
climate at local and regional scales is convincing.
Landscape changes affect the regional surface
temperature patterns.16,74,99,106–109 In contrast to
some forcings that basically warm (e.g., greenhouse
gases) or cool (e.g., sulphate aerosols), the temperature
response to LULCC is multidirectional and depends
on the type of change; it may be subject to inter-
actions with soil conditions and can be different for
mean versus extreme quantities.
The combined effect of LULCC and snow is also
important in terms of surface fluxes and boundary
layer structure.110,111 Figure 8 illustrates the observed
large differences in lower boundary layer thermo-
dynamic stability between a snow-covered grassland
and agriculture area and an adjacent snow-free area.
The very large stable surface boundary layer over
the snow-covered area is a direct result of the much
greater reflectance of sunlight when snow is present.
The removal of natural vegetation and replacement
with shorter vegetation height (or just fallow soil) per-
mits snow to cover the soil more uniformly, resulting
in a higher albedo.
CHANGES IN MESO-, REGIONAL- AND
GLOBAL-SCALE ATMOSPHERIC
CONDITIONS BECAUSE OF LAND
USE/LAND COVER CHANGES
Mesoscale and regional weather patterns are hypoth-
esized to change as a result of changes in the surface
fluxes, surface and near-surface variables and bound-
ary layer dynamics.6,112–116 These modeling-based
experiments first assess the skill of the simulations
to describe weather with current landscape condi-
tions. Once the level of skill is determined, sensitivity
experiments are performed where specified landscape
changes are made. This is a type of attribution study
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FIGURE 8 | Vertical profiles of several variables from Flight No. 1
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in that, if the control experiment (with current land-
scape is used) agrees closely with the real world,
there is confidence that the sensitivity of weather and
other aspects of climate to the landscape change are
real. An added test of model realism is if the surface
fluxes, surface and near-surface variables and bound-
ary layer development, simulated by the models, are
in agreement with those found from observations.
Examples of the effect of LULCC on meso-,
regional-, and global-scale atmospheric conditions for
several geographic regions are given below.
USA
Today, there are about 70,000 dams in the United
States.117 Using a 30-year observational record from
the North American Regional Reanalysis,118 Degu
et al.119 recently analyzed the spatial gradients of
atmospheric variables around the shorelines of 92
artificial reservoirs in North America. Their study con-
cluded that large dams influenced local climate most
in Mediterranean, arid and semiarid climates, with the
energy available for deep cumulus convection increas-
ing by 2–3 times during the growing season. Pielke120
shows how large increases in this energy at warm tem-
perature scan result from even a dewpoint temperature
increase due to LULCC change of just 1 ◦C. Spatial
gradients of specific humidity and surface evapora-
tion were also observed in the region around these
dams. When correlated with local rainfall records, an
increasing correlation between the potential for deep
convection and higher percentile of rainfall (90th and
above) at locations closer to the reservoir was also
found.
The effect of urbanization on the rainfall pattern
has been found to be significant though difficult to
detect.121,122 Niyogi et al.113 analyzed storm climatol-
ogy and found that thunderstorms alter their morphol-
ogy by splitting over urban regions. Figure 9 shows an
example of a radar reflectivity for a storm approaching
the Indianapolis urban area which then splits into two
cores as it passes over the city and then reintensifies
downwind (Figure 9(a)–(d)). An observational analy-
sis of a decade long storm climatology using image tag-
ging and storm vector motions confirmed this feature
as shown in Figure 9 that about 60% of the daytime
storms split and have a smaller size over the urban
area and then reconverge to become a more powerful
storm downwind. This effect is also seen in the rainfall
climatology over the central Indiana region as shown
in Figure 9, where the rainfall is heaviest downwind
and lowest over the urban region. This provides sup-
port for modeling studies116 that found impacts from
urbanization on the initiation of thunderstorms. Sim-
ilar results regarding the urban—storm changes have
been reported in the observations by Bornstein and
Lin,123 Rose and Stallin,124 and Mote et al.125 for the
Atlanta urban area; and for the St. Louis metro area
by Changnon et al.126 Allard and Carelton85 found
mesoscale associations between land surface prop-
erties and convective cloud development during the
warm season over the midwestern United States.
Other studies include Georgescu et al.127 who
concluded, in a modeling study, that the hypotheti-
cal conversion of annual to perennial bioenergy crops
across the central United States would impart a sig-
nificant local to regional cooling with considerable
implications for the reservoir of stored soil water.
This cooling effect is related mainly to local increases
in transpiration, but also to higher albedo. They con-
clude that the reduction in radiative forcing from
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FIGURE 9 | Example of a radar reflectivity time sequence showing a storm approaching the Indianapolis urban area in (a) and (b). The storm then
splits into two cores as it passes over the city as shown in (c); and then reintensifies downwind (d and e). (Reprinted with permission from Ref 113.
Copyright 2011 American Meteorological Society)
albedo alone is equivalent to a carbon emissions
reduction of 78 t C ha−1, which is six times larger
than the annual biogeochemical effects that arise from
offsetting fossil fuel use.
With respect to urbanization, Georgescu
et al.128,129 found mean regional temperatures in the
area centered on Phoenix, Arizona for the circa 2001
landscape were 0.12 ◦C warmer than the circa 1973
landscape, with maximum temperature differences,
located over regions of greatest urbanization, in excess
of 1 ◦C.
Australia
Pitman et al.130 using a regional climate model iden-
tified a reduction in rainfall in southwest Western
Australia coinciding with local areas of land cover
change and reduced surface roughness. Narisma and
Pitman131 demonstrated a strong impact of land cover
change from the natural landscape on surface tem-
peratures in the southeast, southwest, and northeast
Australia and a reduction in rainfall of approxi-
mately 1 mm day−1 over southwest Australia. Using a
multiple-ensemble modeling study, McAlpine et al.132
found a statistically significant warming due to his-
torical land cover change during the extended Austral
summer (November–March) of 0.1–0.6 ◦C in east-
ern Australia, while mean summer rainfall showed a
statistically significant decrease by 4–12% in southeast
Australia. The changes in surface temperature were
more coincidental with LULCC than the rainfall. The
analysis also showed land cover change contributed
to higher summer temperatures during El Niño years,
such as the severe drought of 2002/2003. Ornstein
et al.133 has proposed irrigated afforestation in the
Australian (and Saharan) arid regions as a way to
alter regional and larger-scale climate.
Asia
LULCC may alter the intensity of monsoons.114
Chang et al.134 and Kishtawal et al.135 showed that
the climatology of the post-landfall rainfall from
tropical systems, particularly monsoon depressions
which cause nearly 70% of the heavy rainfall in the
Indian monsoon region, are sensitive to the antecedent
mesoscale latent heat fluxes over land. Kishtawal
et al.80 reported a LULCC signature in the heavy rain-
fall climatology over the Indian monsoon region.136
The same study also found that only those stations
that are influenced by urbanization show an increase
in rainfall intensity, while rainfall in the rural regions
has remained relatively unchanged. This observation
of more intense rainfall in the vicinity of urban areas
as compared to nonurban areas was supported by
surface-based observations for the 50 year period that
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American Meteorological Society)
were quality controlled and also available through
the India Meteorological Department and the more
recent Tropical Rainfall Measuring Mission (TRMM)
(Figure 10). Zhao137 analyzed regional precipitation
using TRMM data from 1998 to 2009 for the pre- and
postdam period of the Three Gorges Dam in China and
found that moderate precipitation is greatly reduced
in the vicinity of the reservoir, while enhanced on both
sides of the reservoir.
Summary
The conclusion from these studies is that LULCC can
result in mesoscale and regional climate change if the
areal coverage of the landscape conversion is large
enough. A spatial heterogeneity of approximately
10–20 km has often been considered sufficient for
creating mesoscale circulations under convective con-
ditions though smaller scales approximately 2–5 km
are also often sufficient to trigger changes in bound-
ary layer dynamics.138–140 For the monsoon effects,
the threshold may be larger. The irrigation effects
for northwest India, for instance, suggest that the
required landscape change is probably on the order
of 50–100 km to affect the synoptic convergence
patterns. Below this scale of heterogeneity, spatial het-
erogeneities in the surface fluxes have been assumed to
horizontally homogenize below the rest of the bound-
ary layer (e.g., Ref 141).
The reason that spatial scales above a certain
threshold are needed is that below this spatial scale, the
convective boundary layer or the regional flow is able
to homogenize any surface heat flux heterogeneities
before they reach very high into the atmosphere. Had-
field et al.142,143 examined this issue with a large eddy
simulation model and concluded that there may be
a transitional value of the spatial scale of the sur-
face heating heterogeneity between 1500 and 4500 m
above which the circulation is strong enough to orga-
nize itself and below which it is not. The effect of
LULCC on atmospheric circulations associated with
stable boundary layers, however, is more complex.
Steenevelt et al.144 and Holtslag,145 for example, find
very large sensitivities in boundary layer temperature
structure for even small changes in how they are
modeled.
Unanswered Questions
An important remaining research question is whether
the global climate system may be altered as a result
of LULCC such as any alteration in the nearly two-
thirds of the precipitation that falls over land which
is returned to the atmosphere via evaporation.146
Global modeling studies,115 while showing significant
regional effects of LULCC change, do not simulate
substantial changes in the global average radiative
forcing. This is due to the finding in the models that
areas of positive radiative forcing that result from
LULCC are balanced by areas with negative radia-
tive forcings. However, this does not mean there is
no global climate effect on atmospheric and ocean
circulation features. Figure 11 shows the response of
seven models to either LULCC or combined changes in
added CO2 and sea surface temperatures since prein-
dustrial times, and their spread. It makes the point
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FIGURE 11 | Box and whisker plots of the simulated changes, between the preindustrial time period and present-day, in (a) and (b) available
energy (W m−2) and (c) and (d) surface air temperature (◦C) for all seasons and both selected regions (North America: a and c, Eurasia: b and d, see
Figure 3 for the definition of the regions). Seven coupled atmosphere/land models were used to draw this graph (LUCID simulations; Pitman et al.21;
de Noblet-Ducoudré et al.147). All seven models undertook two sets of two simulations spanning a matrix of present day and preindustrial
GHG-concentrations/SSTs, and present day and preindustrial land cover. In these experiments the models are forced with two different vegetation
distributions (representative of 1870 or 1992, Figure 3). Each model carried out at least five independent simulations for each experiment to increase
the capacity to determine those changes that were robust from those that reflected internal model variability. Values used for the plot are showing
the mean ensemble values of each individual model. CO2SST refer to the sole impacts of changes in atmospheric CO2, sea-surface temperature and
sea-ice extent between present-day and preindustrial time, while LULCC refer to the sole impact of land cover change between those same time
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clear that LULCC is regionally as important as these
other two effects.
The evidence that LULCC affects regions that
have been subjected to change is very strong, based
on observations, modeling, and theory, as we have
documented with examples earlier in this article.
However, there remains disagreement within the
community on whether LULCC causes changes in
climate that is remote from the region of land cover
change. The large-scale atmospheric patterning that
occurs with ENSO, the Pacific Decadal Oscillation
(PDO), the North Atlantic Oscillation (NAO), the
Arctic Oscillation (AO), the Asian monsoon etc.
are the most important large-scale pattern that
affects regional weather and climate. However, multi-
decadal global climate model predictions have not yet
rigorously addressed how these circulation features
(and if) have changed in response to LULCC. There is
evidence that dust from human-degraded landscapes
has effects on climate at long distances from its
source.148 Van der Molen149 hypothesizes, based on a
model simulation, a pronounced meridional (equator
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to pole) gradient of climate response to LULCC due
to a decrease in cloud cover after deforestation.
There are several problems with how LULCC
has been explored in climate models that limit their
use in determining whether changes in atmospheric
and ocean circulation patterns can be significantly
altered at locations that are remote from land cover
change. Some examples include:
• Most LULCC experiments use one or two climate
models and thus it is hard to determine whether a
result is model dependent. We know that models
vary in their response to increased CO2; in the
same way as the IPCC would not base conclu-
sions on one climate model, we should not base
our conclusions of the significance of LULCC
on any single model. The nearest the commu-
nity has come to addressing this limitation is
the LUCID (Land Use Change IDentification)
experiment21,147 and no teleconnections were
found, but their experiments were limited in
addressing this question due to the use of fixed
sea surface temperatures;
• Koster et al.150 and Seneviratne et al.151 showed
that the land is coupled to the atmosphere with
very different strengths. This may lead to major
differences between models in the impact of
LULCC. We do not know what the right strength
is for any given region;
• Many LULCC experiments have assessed sta-
tistical significance using tests that do not take
autocorrelation into account (e.g., a student’s t-
test). These can overestimate the significance of
a change in the climate152 and generate excessive
false positives (‘false’ in a statistical sense);
• Some LULCC simulations still use first genera-
tion land surface models13 which overestimate
the impact of a perturbation78 because they do
not represent the coupled energy, water and car-
bon cycles. However, even if state of the art land
surface models are used, these still substantially
disagree on how to take a change in net radiation
and partition it between the sensible and latent
heat fluxes.147
There are simply still too few statistically rig-
orous experiments to definitively answer whether
LULCC can cause remote changes via teleconnections.
Some relatively well-designed experiments13,21,152,153
suggest that they do not, while one study154 sug-
gests that they do. In general, earlier works that have
addressed this question are compromised by the limi-
tations listed above.
SYNTHESIS AND
RECOMMENDATIONS
Established Understanding
LULCC changes the terrestrial carbon balance. In the
past, large quantities of CO2 were emitted into the
atmosphere as a result of LULCC. This has had a
global-scale impact on atmospheric CO2 and through
this on the energy balance of the Earth. LULCC
also affects the biogeochemical fluxes of many other
chemicals154 although those impacts have not yet been
quantified.
LULCC also has a profound impact on the
regional-scale surface energy, trace gas and aerosol,
and water balance. Where LULCC has been intensive,
the regional impact is likely, in general, to be at least as
important as greenhouse gas and aerosol forcings.61
The fact that the impact of LULCC is small with
respect to the global average radiative forcing, with
the exception of LULCC related emissions of CO2,
is not a relevant metric as the essential resources of
food, water, energy, human health, and ecosystem
function respond to regional and local climate, not to
a global average. Human vulnerability to forcings such
as climate change is realized locally and regionally and
the conclusion that LULCC is a significant regional-
scale driver of climate is sufficient to require its
incorporation into past, present, and future climate
model simulations.
With LULCC increasingly forming part of cli-
mate change mitigation strategies, the wider effects
of LULCC on climate over and above carbon emis-
sions/uptake need to be considered with appropriate
metrics which go beyond the simple radiative-forcing
based metrics such as Global Warming Potentials.155
Moreover, consideration of LULCC effects is increas-
ingly important as the requirement to adapt to ongoing
climate change and variability is rising rapidly on the
international policy agenda as well as growing in
the awareness of other actors such as industry, local
government, and individuals.156
Remaining Uncertainties
Systematic assessments of the impacts of LULCC on
the atmosphere, coincident with regions of intensive
LULCC, in comparison to other known climate forc-
ings have not been undertaken. While it is hard to
comprehend that irrigation would not cool locally,
or urbanization warm locally, or tropical deforesta-
tion not warm locally, the magnitude of these impacts
relative to say a doubling of atmospheric CO2 is
not well known and whether a warming or cool-
ing signal due to LULCC can be sustained for long
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enough periods to significantly enhance or suppress
climate effects due to other forcings including CO2
is not known. Also of importance, but even less well
known or studied, is the relative role of LULCC
to the other human climate forcings in altering the
large-scale atmospheric/ocean modes of variability
including its interaction with ENSO, the PDO, the
NAO, AO, monsoon, etc. While LULCC may not
affect these modes of variability, given how important
they are in the provision of food, water, and ecosystem
function, it is remarkable how little effort has been
invested in exploring potential links between LULCC,
the modes of variability and impacts on human
systems.
In terms of simulating the impacts of LULCC,
the LUCID project147 has demonstrated that the
land surface community is not well prepared for
the challenges of simulating this forcing in climate
models. It is clear that the community has to explicitly
parameterize crops, open water, irrigation, urban
landscapes, and heterogeneity (tiling) for our models
to capture the regional impacts of LULCC. However,
despite many years of the land surface community
identifying this need, LULCC remains a relatively low
priority in most climate modeling groups, although the
results from these climate models are being used over
regions of substantial LULCC. Moreover, the increase
in spatial resolution of climate models makes the
importance of correct simulation of climate impacts
of LULCC even more vital.
However, we need a better understanding as to
what spatial scale and type LULCC and surface–at-
mosphere interaction matters in terms of a climate
impact. We do know, for example, that snow cover
provides an amplification of LULCC through its large
alteration in surface heat fluxes.157 Koster et al.150
identified particularly strong land-atmospheric inter-
actions with respect to spatial scale and geographic
location.
We still do not know if global-scale teleconnec-
tions may result from LULCC. We hypothesize from
models that they are possible but LUCID showed that
models did not agree on such remote impacts. More-
over, the assessments by the IPCC show considerable
regional divergence from a given forcing so it is pre-
mature to conclude that LULCC does [or does not]
trigger remote effects. A problem is that many large-
scale modeling experiments have used a ‘scorched
Earth’ strategy on LULCC (converting the Amazon
into a manicured lawn). While such a change might
trigger an impact it is not a realistic perturbation and
thus hard to interpret.
We also do not know if we can parameterize
LULCC in our land surface models with appropriate
skill. Few models explicitly represent the set
of important plant functional types, phenology,
irrigation, dams and reservoirs, and urban landscapes,
and those that do would not claim they do them
‘right’.158 Rigorous experiments that impose realistic
LULCC and evaluates how each climate model
responds is clearly needed.
Below, we further expand upon past
recommendations1,9,15,16,21,159 and propose a series
of tasks to resolve these unknowns.
Challenges
1. New data sets targeting LULCC: Longitudinal
observational studies such as those conducted
over Western Australia or the global network
of eddy covariance stations within FLUXNET
have genuinely helped resolve some major
questions. There are few data sets designed to
provide very similar atmospheres over crops
and forests in boreal and temperate regions.
These would be extremely valuable to test how
models capture LULCC impacts on weather.
A challenge with respect to detecting a signal
in the observations from LULCC is the time
scale needed to extract a signal (decades and
longer). Only where LULCC change is rapid
and extensive will such observational testing be
feasible. However, even here, while detecting the
impact of LULCC on local and regional climate
may be relatively straightforward, correctly
attributing impacts on the large-scale circulation
will remain challenging.
2. Agreed LULCC implementation protocol for
land surface models is required: Replacing 10%
of a region with crops can mean removal of
10% tree cover, or replacement of 10% grass
with crops or some combination. To compare
LULCC experiments, modelers need to report
how they implemented land cover change in
considerably more detail. Further challenges
include representing crop phenology in land
surface models since some models do, some
do not, some prescribe phenology, while others
predict the responses, and these all affect how
LULCC is implemented.
3. New LSM Evaluation: A rigorous evaluation of
land surface models uncoupled from the host cli-
mate models (i.e., offline) needs to be conducted.
Do land surface models capture the contrast
between natural and anthropogenic land cover?
Can they simulate crops, the regrowth after
deforestation, and other significant processes?
Do they properly simulate the impact of LULCC
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on fluxes? Offline skill in capturing the impact of
LULCC is a necessity if the model is to capture
the impact in a coupled model; it is however an
insufficient criterion and can only be a first step
in any systematic evaluation of the impact of
LULCC on climate.
4. Agree on realistic scenarios for past LULCC
and reasonable scenarios for future change:
This includes agreed LULCC implementation
methods—reporting what is changed, how, and
what was replaced for comparing model exper-
iments. This calls for a standard change matrix
and framework for comparing, analyzing, syn-
thesizing, and presenting LULCC studies so that
the results are transferable.
5. Multiple models; multiple realizations: Mul-
tiple realizations (simulations with the same
model with perturbed initial conditions) are
required to allow the signal from LULCC to
be identified against background natural vari-
ability. If transitory experiments are conducted,
then the number of realizations likely has to
exceed ten. Proven high-skill models or mul-
tiple models should also be used, with cur-
rent versions of a given climate model used
to allow the role of LULCC to be compared
with CO2. When using regional models, the
model domain of the LULCC experiments needs
to extend well beyond the region of LULCC.
The lateral boundary of the model domain
needs to be large enough for large-scale circula-
tion to develop and influence regional weather
systems.160–162
6. Extremes as well as means: We need to explore
the impact of LULCC on both the mean climate
and climatic extremes such as very hot days and
droughts.
7. Changes in large-scale atmospheric and ocean
circulations: Possible changes in major circu-
lation features such as ENSO, the PDO, etc.
resulting from LULCC using multiple long-term
ensemble experiments with proper statistical
testing (e.g., bootstrapping) are needed. It is
these weather features that produce such soci-
etally important events such as droughts and
floods.163
8. Relative to something: A climate model’s sensi-
tivity to LULCC needs to be placed in context.
A much better baseline than global radiative
forcing as a means for assessing and faithfully
representing the regionally diverse and multidi-
rectional effects of LULCC is needed.2 There
are several simple sensitivity experiments that
could be performed to determine the models’
background response to a perturbation but the
simplest would be to first know the impact of a
doubling of CO2 in the model. It is important to
obtain this signal with precisely the same model
as is used for a LULCC experiment. This should
be conducted with fully coupled models in order
to obtain an assessment of climate responses as
related to the existing IPCC estimates. Also,
it would be valuable to determine the climate
model’s response to known ENSO-like sea sur-
face temperature anomalies.154 Teleconnection
patterns from ENSO are quite well known and
a model must be able to skillfully simulate such
circulation features. If a climate model well
captures teleconnections induced by an ENSO
anomaly, given it’s a tropical anomaly, then
teleconnections induced in the same model by a
tropical anomaly caused by LULCC should be
equally realistic.
9. REDD: There is a need to broaden the REDD
[Reduced Emissions from Deforestation and for-
est Degradation) program of the United Nations
(http://www.un-redd.org] framework to include
biogeophysical change effects. REDD seeks to
reduce greenhouse emissions from deforestation
and forest degradation, particularly in tropical
countries where forest carbon pools are large.
Clearly, an effort to address LULCC with the
requirements of (a) through (g) will be an enormous
undertaking. However, it is clear that LULCC does
directly affect regional climates that have seen inten-
sive LULCC. These regions include parts of North
America, Europe, China, and India with several billion
humans.
For those regions that have undergone inten-
sive LULCC, or will undergo intensive change in the
future, failure to factor in this forcing has profound
consequences. Investments in adapting to ongoing
human-induced climate change and natural variabil-
ity will remain founded on incomplete and potentially
misleading information. This in turn leads to a higher
risk of misaligned investment in climate adaptation,
which is a vastly more expensive outcome than the
costs of resolving the impact of LULCC on the Earth’s
global and regional climate. Unless we undertake a
thorough assessment of the role of LULCC on climate,
an incomplete understanding of the role of humans in
the climate system will persist.
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